Abstract A timely understanding of urban expansion in earthquake-prone areas is crucial for earthquake risk assessment and urban planning for earthquake mitigation. However, a comprehensive evaluation of urban expansion in earthquake-prone areas is lacking in China, especially in the context of rapid urbanization. Based on time series urban land data and seismic ground-motion parameter zonation maps, this study analyzed urban expansion in the most seismically hazardous areas (MSHAs) of China from 1992 to 2015 on the national, regional, and city scales. The results show that urban land area in the MSHAs expanded by 6767 km 2 from 1992 to 2015, with a gain of 350%. Specifically, the increase in urban land area of small cities in the MSHAs of western China during this period was the fastest, 6.24 times greater than that at the national level. In terms of spatial patterns, the urban land patches in the MSHAs in 2015 were more fragmented than those in 1992 on all scales. The percentage of change in the number of patches and the landscape shape index of the urban land patches of small cities in the MSHAs of western China were the highest across all cities. Therefore, we believe that special attention should be paid to the cities in the MSHAs that exhibit the most rapid increases in both urban land area and fragmentation, especially the small cities in western China. It is imperative to integrate earthquake mitigation into the urban planning of these cities.
Introduction
The most seismically hazardous areas (MSHAs) represent regions where earthquakes occur frequently and are associated with severe fatalities, building damage, and economic losses (Holzer and Savage 2013; Storchak et al. 2015; NGDC-WDS 2017) . Urban expansion is a process through which nonurban land is transformed into urban land (López et al. 2001; Bai et al. 2014) . When urban land expanded in the MSHAs, the people, buildings, and assets exposed to seismic risk may increase. On the one hand, urban expansion can result in substantial increases in both the number and the urban land area of cities in the MSHAs (Bilham 1988) . On the other hand, unregulated construction codes, and widespread weak earthquake emergency response during the rapid urbanization process will further increase seismic risk (Wu et al. 2013; Uysal et al. 2018) . Therefore, a timely analysis of urban expansion in the MSHAs is of great importance for seismic-risk assessment and urban planning for earthquake mitigation.
China is one of the countries that is most affected by earthquakes in the world. According to historical records, among all countries, China had the greatest number of earthquake fatalities during 1900 -2008 (Bilham 2009 ). Many Chinese cities have suffered severe damages from earthquakes throughout history (Bilham 2009 ). For example, the death toll in the 1976 Tangshan Earthquake exceeded 240,000, and the direct economic loss was nearly RMB 13.3 billion Yuan.
1 Beijing and Tianjin were also severely hit by this earthquake. The 2008 Wenchuan Earthquake caused approximately 87,000 fatalities and a direct economic loss of RMB 852.3 billion Yuan (Shi 2016) .
In the past several decades, China has experienced rapid urbanization (Bai et al. 2014) , with population, properties, and industries aggregating in cities at an unprecedented rate (Wieland et al. 2012) . Meanwhile, the seismic risk of cities in the MSHAs has increased (Shi et al. 2002) . By 2006, two-thirds of large cities in China with populations of over one million were located in the MSHAs (Xu et al. 2016b) . In this context, it is very important to understand the characteristics, processes, and driving factors of urban expansion in the MSHAs of China (Wu et al. 2013) .
Internationally there has been research on urban expansion in the MSHAs. For instance, Martins et al. (2012) analyzed the urban expansion of Miguel Island in Portugal from 1994 to 2005 based on a land-use and landcover change (LUCC) model, and identified a continuing urban growth towards the MSHAs. Wieland et al. (2012) used the city of Bishkek in Kyrgyzstan as an example, and assessed the urban expansion in the country's MSHAs on the neighborhood and building scales. In China, Gao (2003) qualitatively discussed changes in the seismic hazards of cities during urban expansion in multiple urban agglomerations in eastern China. Wang et al. (2007) assessed the urban expansion in Tangshan after the 1976 earthquake based on remotely sensed data and found that the urban land area increased by 135% from 1976 to 2004. Schneider et al. (2015) investigated the urban expansion of four cities in the MSHAs of western China from 1988 to 2009. Their results indicated a 2-7% average annual growth rate in urban land area. But due to limited data availability, there is still no clear and comprehensive understanding of urban expansion in China's MSHAs.
Newly published time series urban land data of China from 1992 to 2015 (Xu et al. 2016a; Dou et al. 2017 ) and modified seismic ground motion parameter zonation (SGMPZ) maps (AQSIQ 2015) have provided fundamental and necessary data support for analyzing urban expansion in China's MSHAs. First, the time series urban land data can accurately and effectively reflect urban expansion in China. These data were derived from nighttime light data, with an overall accuracy of 93% and an average Kappa value of 0.60. This dataset has been applied to several studies of urban expansion in China. For example, based on this dataset, Du et al. (2018) explored the urban expansion in floodplains in China from 1992 to 2015. Second, the modified SGMPZ maps are more accurate than the previous maps that were generated in 2001, as they include information about recent earthquakes in China. These modified SGMPZ maps include high-magnitude potential focal regions as a key parameter (Liu 2015) and have a high level of reliability. The combination of these two datasets has made it possible to analyze urban expansion in the MSHAs of China.
The objective of this study is to analyze the characteristics and driving factors of urban expansion in the MSHAs of China. First, urban land data in China's MSHAs from 1992 to 2015 are obtained by overlapping the time series urban land data and the modified SGMPZ maps. Second, the changes in the area and spatial patterns of urban land in the MSHAs are quantified on the national, regional, and city scales. Finally, the factors that contributed to such changes are explored using socioeconomic data and statistical methods, and recommendations on urban planning for earthquake mitigation are discussed. Fig. 1 ) is located at the junction of the Pacific seismic belt and the Mediterranean-Himalayan seismic belt (Wu et al. 2013) . Earthquakes in China are characterized by their high frequency, great intensity, and wide distribution (Shi 2016) . Spatially, these earthquakes are unevenly distributed, and the earthquakes that occur in western China are more frequent and of greater intensity (Xu et al. 2016b) . From 1992 to 2015, urban land area in China increased from 1.22 9 10 4 to 7.29 9 10 4 km 2 , with an annual growth rate of 8% (Xu et al. 2016a) . Meanwhile, the urban population in China increased from 3.22 9 10 8 to 7.71 9 10 8 , by 139% (NBSC 2016).
Research Area and Data
We analyzed urban expansion in the MSHAs of China on the national, regional, and city scales. At the regional scale, the country comprises eastern China, central China, and western China according to the Ministry of Housing and Urban-Rural Development (Fig. 1) . At the city scale, we focused on counties and districts. To match these scales to those of statistical data, we adopted the method proposed by Gao et al. (2016) , which merged districts under the same city jurisdiction into one single unit. After the merging process, there were 2287 county-level cities in China. We refer to these county-level urban entities as cities throughout the article. Due to the lack of statistical data, Hong Kong, Macao, and Taiwan were not included in the study.
Four types of data were used in this study. First, the time series urban land data of China from 1992 to 2015 were obtained from Xu et al. (2016a) and Dou et al. (2017) . These data were based on nighttime light, vegetation index, and land surface temperature data. The spatial resolution of the data was 1 km, with an average Kappa of 0.60, and the overall accuracy, average quantity of disagreement, and average allocation of disagreement were 93%, 1.5%, and 6%, respectively. The reliability of the urban land data has been tested by urban land data based on the Landsat TM/ ETM ? images (Xu et al. 2016a) . Specifically, five capital cities (Beijing, Nanjing, Kunming, Zhengzhou, Nanchang) with different levels of urbanization were selected to assess the spatial accuracy of the data. Among the five cities, Beijing and Kunming are located in the MSHAs. The Kappa value was 0.42 and 0.67 in the two cities. The average overall accuracy, average quantity of disagreement, and average allocation of disagreement were above 84%, 3.7%, and 12%, respectively. Second, the peak ground acceleration (PGA) data were derived from the modified SGMPZ maps (AQSIQ 2015) . These PGA values have a 10% probability of being exceeded in a span of 50 years. Third, GDP of primary industry, GDP of secondary industry, GDP of tertiary industry, and total investment in the fixed assets of each province were obtained from the China Statistical Yearbook (NBSC 1993 (NBSC , 2016 . The total population and urban population data were obtained from the 2010 population census of China (NBSC-PCO 2012) . In addition, the 1:4,000,000 urban administrative boundary data were collected from the National Geomatics Center of China. 
Method
The MSHAs in China were defined based on the classification in the SGMPZ maps of China. We selected the areas where the PGA value was equal to or greater than 0.2 g (in which g is the gravitational acceleration) as the MSHAs, following the method used by Holzer and Savage (2013) . Under this definition, the MSHAs are equivalent to areas with seismic impacts of greater than VIII according to the national standard GB-T 17742-2008 (AQSIQ and SAC 2008) .
Identifying the Cities in the Most Seismically
Hazardous Areas
The cities in the MSHAs were determined by overlapping the MSHA layer and the urban administrative boundary layer. According to the method employed by Potere et al. (2009) and He et al. (2016) , the cities in the MSHAs refer to those cities in which more than 50% of the total area within their administrative boundaries was characterized as being a MSHA. This identification revealed that there were 239 cities in China's MSHAs. Furthermore, we classified these cities by their population size in 2010 according to Bai et al. (2014) . There were two mega cities (with a total population of greater than or equal to 5 million), 16 large cities (with a total population between 1 million and 5 million), 43 medium cities (with a total population between 0.5 million and 1 million), and 178 small cities (with a total population of less than or equal to 0.5 million). These are displayed in Fig. 1 .
Analyzing Changes in the Urban Land Area in the Most Seismically Hazardous Areas
Changes in the urban land area in the MSHAs in China from 1992 to 2015 were analyzed on the national, regional, and city scales. These changes can be calculated as follows, 
Quantifying Changes in the Spatial Patterns of Urban Land in the Most Seismically Hazardous Areas
We chose three landscape metrics to measure the changes in the spatial patterns of urban land in the MSHAs, by adopting the indicators of Wu et al. (2011) and Liu et al. (2016) . The changes in the spatial patterns of urban land in the MSHAs can be calculated as follows, The three landscape metrics were the number of patches (NP), patch density (PD), and landscape shape index (LSI), all of which were calculated by Fragstats 4.2 (McGarigal 2014). The equations used for the three landscape metrics are as follows,
where N is the number of patches. NP indicates the amount of urban land patches in the MSHAs. The greater the NP is, the more the urban land patches in the MSHAs there are.
where A is the total area of land (km 2 ). PD indicates the level of fragmentation of urban land patches in the MSHAs. The fragmentation of the urban land patches in the MSHAs increases with PD.
where E is the length of the patch boundaries (m), and 0.25 is the square correction constant. LSI represents the shape regularity of the urban land patches in the MSHAs. The irregularity of the urban land patches in the MSHAs increases with LSI.
Examining Urban Expansion Modes in the Most Seismically Hazardous Areas
Urban expansion modes refer to the spatial relationship between existing urban land and new urban land during the urban growth process. We used the landscape expansion index (LEI) proposed by Liu et al. (2010) to examine the urban expansion modes in the MSHAs from 1992 to 2015. The LEI can be calculated by the following formula,
where A 0 is the area of overlap between a buffer zone of the new urban land patch and the existing urban land, and A V is the area of overlap between the same buffer zone and the existing nonurban land. Following previous studies (Liu et al. 2010; Xu et al. 2016a) , the radius of the buffer zone was set to 200 m, and the LEI of the new urban land patch was calculated annually. Based on the LEI, the urban expansion modes can be divided into three types: infill, leapfrog, and edge-expansion. If the LEI is between 50 and 100, then the urban expansion is defined as the infill mode, which means that the gaps within the existing urban land area are filled by new urban land patches. The leapfrog mode refers to the situation in which the LEI is equal to 0 and the new urban land patches are isolated from existing ones. Otherwise, the urban expansion falls into the edge-expansion mode, which represents that new urban land patches expand around the edge of the existing urban land.
Results
In this section, we present the characteristics of urban expansion in the MSHAs in three aspects-the changes in land area, landscape metrics of urban land patches and urban expansion modes in the MSHAs of China during 1992-2015.
Changes in Urban Land Area in the Most
Seismically Hazardous Areas of China from 1992 to 2015
Urban land area in the MSHAs of China increased steadily from 1992 to 2015 (Fig. 2a) . At the national level, the urban land area in the MSHAs increased from 1935 km 2 in 1992 to 8702 km 2 in 2015 (Fig. 2b) , an expansion of almost 350% (Table 1) .
At the regional level, urban land area in the MSHAs in western China experienced the most rapid growth (Fig. 2c) . During 1992-2015, urban land area in the MSHAs in western China increased from 781 to 4884 km 2 , a gain of 525% (Table 1 ). This expansion was 1.5 times greater than that of urban land area in the MSHAs at the national level and 2.2 and 2.5 times greater than those of eastern China and central China, respectively.
Among different types of cities in China, urban land area of small cities in the MSHAs in western China featured the fastest growth (Fig. 2d) . The urban land area of those cities increased by 2181%, from 72 km 2 in 1992 to 1642 km 2 in 2015 (Table 1) . Specifically, the percentage of increase of the urban land area of small cities in the MSHAs of western China was 6.2 times greater than that at the national level, and slightly more than double that of other cities in the MSHAs.
Changes in the Spatial Patterns of Cities in the Most Seismically Hazardous Areas from 1992 to 2015
From 1992 to 2015, the urban land patches in the MSHAs of China became more fragmented. At the national level, all three landscape metrics exhibited substantial increases, and the change of NP, PD, and LSI were 823%, 107%, and 168%, respectively (Table 2) . At the regional level, the degree of fragmentation of the urban land patches in the MSHAs of western China was the highest among the three regions. The NP of the urban land patches in the MSHAs of western China increased by 1189% (Table 2) , which was 1.4 times greater than the national average and 2.09 and 0.83 times greater than that of eastern China and central China, respectively. Meanwhile, the LSI of the urban land patches increased by 183% (Table 2 ) and was 15.5%, 48%, and 64% higher than those at the national level and of eastern and central China, respectively.
Similarly, at the city scale, the urban land patches of small cities in the MSHAs of western China experienced the most rapid process of fragmentation. The percentage of increase of the NP and LSI of the urban land patches in small cities in the MSHAs of western China ranked first among all the cities in the MSHAs. Specifically, the NP and LSI increased by 2822% and 371% (Table 2) or were 3.43 and 2.21 times greater than those at the national level, respectively. In other words, the percentage of increase of the NP and LSI of the urban land patches of the small cities in the MSHAs of western China were more than 1.71 and 1.08 times greater than those of the other cities in the MSHAs, respectively.
Urban Expansion Modes in the Most Seismically
Hazardous Areas from 1992 to 2015
During 1992-2015, edge expansion was the dominant urban expansion mode of the cities in the MSHAs of China (Table 3 ). The total area of the edge-expansion mode in the cities in the MSHAs was 4024 km 2 , accounting for nearly 60% of the total urban expansion area in the MSHAs. In addition, the areas of the leapfrog mode and infilling mode were 1286 km 2 and 1425 km 2 , accounting for 19% and 21% of the total urban expansion area in the cities in the MSHAs, respectively (Table 3) .
At the regional scale, the dominant urban expansion mode in the MSHAs was also edge expansion, which accounted for 58-61% of the total urban expansion area among the three regions in the MSHAs (Table 3) . It is worth noting that the percentage of the leapfrog mode area of cities in the MSHAs of western China was the highest among those of the three regions. The area of the leapfrog mode accounted for almost 23% of the total urban expansion area in the MSHAs of western China, which was nearly 1.2, 2, and 1 times greater than its proportions at the national level and of eastern and central China, respectively.
For all cities in the MSHAs, the area of the edge-expansion mode accounted for 54-69% of the total urban expansion area in each city in the MSHAs (Table 3 ). The small cities in the MSHAs of western China had the highest percentage of leapfrog urban area, which is consistent with previous findings that the small cities in the MSHAs of 
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western China experienced rapid increases in both urban land area and degree of fragmentation. The area of leapfrog-mode expansion accounted for more than 36% of the total urban expansion area of small cities in the MSHAs of western China. This proportion was almost two times or more than 1.2 times greater than the proportion at the national level and those of other cities in the MSHAs, respectively.
Discussion
We discuss the reliability of our results and the implication of our findings in this section. In addition, the highlights and future perspectives of this research are also discussed.
Reliability of the Results Based on the Most Seismically Hazardous Areas
Different sources of PGA data may influence the distribution of the MSHAs and may thus further affect results.
To validate the reliability of our major findings, we compared the outcomes obtained based on the SGMPZ maps used in this study and another PGA dataset obtained from the Global Seismic Hazard Assessment Program (GSHAP) (Giardini et al. 1999) at the city level. The results indicate that using the GSHAP PGA dataset would not alter our major findings. First, the changes in the urban land area in the MSHAs of China based on the two datasets showed a significantly positive correlation (r = 0.76, p \ 0.05, Table 4 ). This suggests that the urban expansion process in the MSHAs derived from the two datasets was consistent. Second, the changes in the spatial patterns of urban land in the MSHAs based on the two datasets were also significantly correlated. The changes in the NP of urban land patches in the MSHAs were highly and significantly correlated at the city level (r = 0.99, p \ 0.01), and the changes in the LSI of urban land patches in the MSHAs showed a similar trend (r = 0.96, p \ 0.05, Table 4 ). The bold text is used to highlight the results from focal area
Urban Population Growth is an Important Factor During Urban Expansion in the Most Seismically Hazardous Areas
Previous studies found that socioeconomic development can accelerate urban expansion in the MSHAs (Seto et al. 2011) . Following the method proposed by Tao et al. (2015) and Chatterje et al. (2000), we adopted the Pearson correlation analysis and general linear regression model (GLM) to explore the relationship between socioeconomic development and the increase in the urban land area of the MSHAs. Three social indicators (total population, urban population, and urbanization rate) and five economic indicators (GDP, GDP of primary industry, GDP of secondary industry, GDP of tertiary industry, and total investment in fixed assets) were selected as such data were available. We found that the increase in urban land area in the MSHAs was positively correlated with the growth of multiple socioeconomic indicators, and these correlations passed the significance test at the 0.01 level (Fig. 3) . Among these factors, the increase in the total investment in fixed assets had the highest correlation with the increase in urban land area in the MSHAs (r = 0.975, Table 5 ), followed by the increases in GDP (r = 0.948) and urban population (r = 0.945). The GLM analysis indicates that the increase in urban population was the main factor driving urban expansion in the MSHAs. The increase in urban population accounted for approximately 96% of the total variations in the changes of urban land area in the MSHAs (Table 5 ). This finding was consistent with that of Schneider et al. (2015) , who found that urban population growth accelerated rapid urban expansion in western China during 1988-2010. In addition, national policies also played an important role in encouraging urban expansion in the MSHAs. Since 1989, China's central government has made efforts to develop small and medium cities (City Planning Law of China in 1989 3 ), as ) for a more coordinated development of cities of different sizes (Ma et al. 2016) . Such resolutions were also written in China's Five-Year Plan in four consecutive periods from 2001 to 2020. Hence, the rapid increase in urban population, especially for those small cities in the MSHAs, may have a strong relationship with such policies. Besides, the West Region Development Strategy (or the ''Go West' ' Program 5 ) that was initiated in 2000 greatly boosted the urbanization process in western China (Liu et al. 2005; Schneider et al. 2005) . The ''Belt and Road'' initiative 6 that began in 2015 may also accelerate urban expansion in the MSHAs in western China. In the future, along with China's urbanization, urban land area in the MSHAs in western China may continue to increase the momentum of rapid urbanization (Schneider et al. 2015; Gao et al. 2016 ). The numbers of cities in the MSHAs were different between the two datasets. Therefore, we conducted the correlation analysis using the average values of the four indicators among four types of cities (that is, mega, large, medium, and small cities) in eastern, central, and western China's MSHA, so the number of samples was 12 The bold text is used to highlight the results from focal area 4 http://www.acca21.org.cn/. The results reveal the fact that excessive urban expansion in the MSHAs of China is taking place both quantitatively and spatially. This is especially the case for cities in western China. To achieve the goal of attracting investment and increasing fiscal revenue, local governments were encouraged to build high-tech development zones and industrial parks in western China. Such support triggered the construction boom (Gao et al. 2016) , and urban land patches in the MSHAs multiplied and became more fragmented. Small cities in the MSHAs of western China face more threats due to several reasons. First, the urbanization of small cities in western China began late but has undergone rapid acceleration in recent years (Gao et al. 2016 ), yet the regulations on earthquake-resistant construction of critical infrastructure is insufficient (Spence 2007) . In the 2008 Wenchuan Earthquake, more than 80% of the collapsed buildings were built before the 1990s and these unreinforced buildings led to higher deaths and injuries (Wang 2008) . Meanwhile, emergency response has not been adequate in small cities (MOHURD 2017) . Second, small cities in the MSHAs of western China have suffered the most building damage due to earthquakes compared to other cities. Such losses are mainly attributed to the higher frequency and greater intensity of earthquakes in western China (Xu et al. 2016b ) and weak seismic capacities of buildings in small cities (Sun and Zhang 2018) . According to the historical data from 1900 to 2015 obtained from the National Centers for Environmental Information (NGDC-WDS 2017), 7 the collapsed buildings due to earthquakes were mainly located in western China (Fig. 4) . From 1900 to 2015, the number of buildings collapsed by earthquakes reached 1.72 million in western China, which accounted for more than 99% of all the buildings collapsed by earthquakes in the entire country. Small cities in the MSHAs of western China witnessed a total loss of 1.68 million collapsed buildings, which represented 98% of the total buildings collapsed by earthquakes in the MSHAs of western China. During 1992-2015, four of the five earthquakes with over 10 thousand collapsed buildings occurred in small cities in the MSHAs of western China (Fig. 4) .
In the context of the steady increase of urban land in the MSHAs, special attention should be paid to the small cities in the MSHAs of western China, which feature high growth rates in their urban land area and an extreme degree of fragmentation. For example, the percentage of increase in urban land areas of Anning in Yunnan Province and Kuche in Xinjiang Autonomous Region have both exceeded 900%. To ensure a safe and sustainable city development, first, construction should be largely restricted in the MSHAs through urban planning. For instance, replacing high-density buildings with a green-belt park along an earthquake fault zone within a city is a feasible option, and the park can also serve as an emergency shelter. Currently in western China, Yinchuan City of Ningxia Autonomous Region is a pilot city of such policy and it is promising for other cities in the MSHAs to follow the same pattern. Second, for cities that are already located in the MSHAs, efforts under the ''prevention-resistance-shelter-rescue'' framework (MOHURD 2007) should be strengthened. We recommend that the detection on active faults in urban areas should be further extended from large cities to those small cities in western China for a more comprehensive understanding of potential seismic risk. Meanwhile, it is crucial to create a unified standard for earthquake resistance and prevention and to implement necessary policies to guarantee the execution of the standard . Third, new technologies should be adopted to enhance seismic-risk management. For example, high-resolution optical imagery together with geological methods can be adopted for cities in the MSHAs to identify and visualize the three-dimensional human-made constructions (Ehrlich and Tenerelli 2013) , and to optimize the location of earthquake emergency facilities (Jiang et al. 2018 ).
Future Perspectives on Coping with Urban Expansion in Seismically High-Risk Areas
Our research in the MSHAs of China was only an example of what has happened, is happening, or will happen across the world. Recently, many countries also experienced a similar process of urban expansion into earthquake-prone areas in the context of rapid urbanization. For example, Ehrlich et al. (2018) found that the built-up area that was exposed to earthquakes in the world increased by 145% from 1975 to 2015. Dou et al. (2018) observed that rapid urbanization contributed in large part to the growth of population in Asia's MSHAs. On that basis, it is imperative to understand urban expansion in the MSHAs and take immediate actions to mitigate the corresponding risk in a global perspective. Compared with relevant existing research, our study featured the following three aspects. First, we performed a multiscale analysis of urban expansion process in China to identify the focal area, instead of just focusing on an individual city in the MSHAs (Wang et al. 2007 ). Second, we analyzed the dynamics of the spatial patterns of urban land in the MSHAs, which has not been captured by previous studies. Third, we provided an alternative to examining the exposure of urban land to seismic risk in earthquake-prone areas, apart from the exposure of population ) and assets (Wu et al. 2017 ) to seismic risk.
This study has limitations in the following three aspects. First, the resolution of urban land data was limited. At the city level, the 1 km time series urban land data could not provide detailed information such as building composition within a city. Also, limited resolution may influence the accuracy of landscape metrics. Second, the factors of spatiotemporal change that drive rapid urbanization of land in China's MSHAs from 1992 to 2015 still needs to be investigated. Third, the issue of vacant housing that comes with migrant workers was not considered in this study. Since the urban land data analyzed in this study were extracted using the annual composites of the nighttime stable light data, vegetation index, and land surface temperature data, short-term nighttime light events, such as the lighting of houses occupied by migrant workers during the Spring Festival, could not be captured. Therefore, the issue of migrant workers and vacant housing may affect the accuracy of the urban land data to some extent.
In the future, for the cities in the MSHAs that require greater attention, high-resolution remote-sensing data can be used to extract building information. Further analysis on the exposure of buildings in cities in the MSHAs and the vulnerability of these cities should be conducted (Ehrlich and Tenerelli 2013) to lay the foundation for urban planning for earthquake mitigation. Moreover, Granger causality analysis (Granger 1969 ) and the spatial autocorrelation model (Li et al. 2018) . can be adopted to explore the driving forces of changes in urban land use in the MSHAs from both socioeconomic and biophysical perspectives. For the ignored vacant houses temporarily occupied by migrants, monthly composites of nighttime light data can be used to improve the accuracy of the urban land extraction (Chen et al. 2015) .
Conclusion
Urban land expanded rapidly in China's MSHAs. From 1992 to 2015, urban land areas in the MSHAs in China increased by 6767 km 2 , which represents an increase of 350%. Spatially, urban land patches in the MSHAs were more fragmented over time. The percentage of increase in the NP, PD, and LSI all exceeded 100% at the national level. Behind the changes, urban population growth played an important role in accelerating urban expansion in the MSHAs. The increase in urban population was highly correlated with an increase in the urban land area of the MSHAs (r = 0.945, p \ 0.01) and accounted for approximately 96% of the total variations in the changes of the urban land area in the MSHAs.
The small cities in the MSHAs of western China exhibited the most rapid increases in both urban land area and patch fragmentation. The urban land area in the MSHAs in western China had increased by 2181%, 6.2 times greater than comparable increase at the national scale. Meanwhile, the percentage of increases in the NP, LSI of the urban land patches, and the percentage of the leapfrog urban expansion in the MSHAs in western China were 2822%, 371%, and 36%, respectively, 4.4, 3.2, and 1.2 times the corresponding values at the national scale. Along with this rapid urban land expansion in the MSHAs of western China, more than 90% of buildings collapsed by earthquakes in western China were found in small cities.
In light of inadequate planning for earthquake in the small cities of western China, we urge that more attention from researchers and the authorities should be paid to these cities to pursue a safer and more sustainable city development. Specifically, changing the high-density buildings located above the earthquake fault zones in the small cities of western China to other uses, such as green-belt parks, and conducting the detection of active faults in these previously neglected cities would be two promising ways to mitigate earthquake risks. The findings of our study also indicate that developing countries with rapid urban expansion and vulnerable buildings to earthquakes should plan their urban land expansion more wisely in the future.
